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A Model of Modified Metaiodobenzylguanidine Conjugated Gold Nanoparticles for Neuroblastoma Treatment

Iodine-131 metaiodobenzylguanidine ( 131 I-mIBG) has been utilized as a standard treatment to minimize adverse side effects by targeting therapies to bind to the norepinephrine transporter (NET) expressed on 90% of neuroblastoma cells. However, only a minority of patients who receive 131 I-mIBG radiotherapy have clinical responses, and these are usually not curative. In this study, novel ligand-conjugated gold nanoparticles (GNPs) based on mIBG were synthesized and evaluated biologically with neuroblastoma cells in vitro. To induce specific internalization to the tumor cells and utilize as a model for radioenhancement, 127 I-modified mIBG was successfully synthesized and grafted covalently to the surface of carboxylated PEG-GNPs. The novel mIBG derivertive was grafted on carboxylated PEG-GNPs by 49.28%. The particles were stable and not toxic to the normal fibroblast cell line, L929, even at the highest concentration tested (10 13 NPs/mL) at 24, 48, and 72 h. Moreover, the cellular uptake of the model was decreased significantly in the presence of a NET inhibitor, suggesting that there was specific internalization into neuroblastoma cells line (SH-SY5Y) via NET. Therefore, this model provides useful guidance toward the design of gold nanomaterials to enhance the efficiency of 131 I-mIBG treatment in neuroblastoma patients. However, the investigation of radio-therapeutic efficiency after radioisotope 131 I substitution will be further conducted in radiation safety laboratory using animal model.

Introduction

Neuroblastoma is an embryonal tumor arising from neural crest-derived progenitor cells. It is the most common extra-cranial solid tumor in infants and children between the ages of 1 and 5 years, and accounts for nearly 15% of all pediatric cancer mortality, 1 yet it is rare in people older than 10. 2 A large international neuroblastoma patient cohort reported that neuroblastoma occurs in adrenal (47%) and abdominal/retroperitoneal regions (24%), as well as observed in the neck (2.7%), thoracic (15%), pelvic (3%) and other regions (7.9%). 3 The International Neuroblastoma Risk Group (INRG) system classifies patients into four groups [very low-risk, low-risk, intermediate-risk (IR), and high-risk (HR)] based on stage at diagnosis, age, pathology, and genomic characterization. [4][5][6] Previous studies reported that approximately 50% of patients have metastatic disease at the time of the initial diagnosis and distant recurrence is a major obstacle to the treatment of these patients. 7 The pillars of treatment of neuroblastoma consist of chemotherapy, surgical resection, and radiotherapy. Modern treatment regimens incorporate i) chemotherapy and surgery, ii) consolidation therapy via myeloablative therapy (MAT) with autologous hematopoietic stem cell transplant (AHSCT) and/or irradiation, and iii) post-consolidation/maintenance therapy. 6,8 Yet nearly 50% of HR patients develop resistance to chemotherapeutic agents, resulting in a high likelihood of relapse. 9, 10 Thus, the need for novel and more effective treatment regimens for neuroblastoma is imperative. [11][12][13] One of the novel therapeutic approaches under active investigation to improve outcomes is Iodine-131 metaiodobenzylguanidine ( 131 I-mIBG). mIBG is an analog of the catecholamine norepinephrine, which can be labeled with a radioactive isotope, 131 I, to use clinically for treatment. The advantage of 131 I-mIBG is a minimization of adverse side effects by targeting therapies to bind with the norepinephrine transporter (NET). [14][15][16][17] Previous studies indicate that 90% of neuroblastomas and other cancers of sympathetic neuronal precursors express NET. It is reported that 131 I-mIBG exhibits activity against refractory neuroblastoma, with response rates ranging from 10-50%. However, previous studies suggest that only 30% of children who receive 131 I-mIBG radiotherapy for neuroblastoma have any clinical response, and these responses are usually not curative. 15,[18][19][20] The extensive nanotechnology research in recent decades has prompted its application as an alternative to overcome some of the limitations of conventional treatment. There are many potential metal nanoparticles owning anti-cancer activities, including hafnium oxide, superparamagnetic iron oxide, selenium and magnesium oxide nanoparticles. [21][22][23] Hafnium oxide nanoparticles could improve the pathological response in controlled phase 3 clinical trial in patients with soft tissue sarcoma. 21 Gholami et al. demonstrated that superparamagnetic iron oxide nanoparticles labelled with radiotherapeutic isotopes could enhance the radiation dose up to 20% 24 while Singh group mentioned anti-cancer properties of selenium and magnesium oxide NPs in term of ROS production leading to cancer cell death. 22,23 Among them, gold nanoparticles (GNPs)-based therapy has been developed as a novel potential strategy as delivery vehicles for drugs, contrast agents and radiation enhancers/radiosensitizers, and in diagnosis. 25 due to crucial physical and chemical properties mentioned in previous clinical studies which are i) chemical inertness; ii) surface properties; iii) electronic structure; and iv) optical properties. [26][27][28] By owning the enhanced permeability and retention (EPR) effect, nanoparticles tend to accumulate in tumor sites more than the normal tissues. Together with the property of GNPs to enhance radiation due to their high atomic number (Z), conjugation of GNPs with specific agents can reduce the therapeutic radiation dose and further limit the damage to healthy tissues while eradicating the tumor. [29][30][31][32] Not only external sources of radiation, GNPs could enhance the efficacy of radioisotope in term of radiotherapy. Recent studies demonstrated that polymer-grafted GNPs significantly enhanced the killing potential of a systemic radioiodine treatment in vitro and in vivo. 33,34 Moreover, Yook et al. reported that panitumumab-modified GNPs complexed to the β-Particle-Emitter, 177 Lu, enhanced cell death in triple negative breast cancer. 35 To utilize the nanoparticles in human body, functionalization of the nanoparticle's surface has been employed. Polyethylene glycol (PEG) is the most widely used polymer due to its safety in human approved by the Food and Drug Administration (FDA). By owning unique hydrophilicity and electrical neutrality, PEG coating could improve biophysical and chemical properties of the nanoparticles. In nanomedicine, PEG could reduce RES uptake and prevent immune recognition of the nanoparticles, also called 'stealth effect', thus prolong the circulation time. [36][37][38][39][40][41] In this study, we developed mIBG-conjugated carboxylated PEG-GNPs with the aim of enhancing the accumulation of the particles within the tumor while sparing the adjacent normal tissues. Modified mIBG (127 I-MoM-Boc) was synthesized from 1,3bis(tert-butoxycarbonyl) guanidine (N,N'-di-Boc-guanidine) and 1,4-bis(bromomethyl)-2-iodobenzene. The modification was made at C-4 of mIBG to maintain the affinity binding to NET, [42][43][44][45] and characterized using 1 H, 13 C nuclear magnetic resonance (NMR) and mass spectrometry. Then the 127 I-MoM-Boc was conjugated to carboxylated PEG-GNPs; deprotection was subsequently performed to obtain 127 I-MoM-PEG-GNPs. Diagram describing three main steps of synthesis research is displayed in Scheme 1. Binding efficiency (%) was determined indirectly from supernatant using UV-vis spectrophotometry. The product was characterized and prepared for cytotoxicity testing in normal cells using an MTS assay. Internalization testing, with/without NET inhibitor, was performed using inductively coupled plasma mass spectrometry (ICP-MS) in a neuroblastoma cell line (SH-SY5Y) to observe the specific binding of 127 I-MoM-PEG-GNPs to the cancer cells.

Experimental

Materials

In this study, all chemicals used were of analytical grade. 1,3-bis(tert-butoxycarbonyl) guanidine (C11H21N3O4) and 1,4bis(bromomethyl)-2-iodobenzene (C8H7Br2I), used as precursors to synthesize 127 I-MoM-Boc, were purchased from Angene Int. (Nanjing, China) and Chem-space (New Jersey, USA), respectively. Carboxylated PEG-GNPs (particle diameter 15 nm), ethyl acetate (C4H8O2), potassium carbonate (K2CO3), trifluoroacetic acid (C2HF3O2), dry dimethylformamide (C3H7NO), and dichloromethane (CH2Cl2) were purchased from Sigma-Aldrich (Missouri, USA). All aqueous solutions were prepared using deionized (DI) water (resistivity of 18.2 MΩ cm) obtained from PURELAB® water purification systems (ELGA LabWater, UK).

Cell Culture

Murine fibroblast (L929) and human neuroblastoma (SH-SY5Y) cell line were obtained from Faculty of Medical Technology and Faculty of Medicine at Ramathibodi Hospital, Mahidol University, Thailand. Those cell lines were cultured in Dulbecco modified eagle medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco, USA). Cells were maintained in a tissue culture incubator at 37 °C and 5% CO2. Synthesis of 127 I-Modified Metaiodobenzylguanidine-Boc ice. 100 mg (0.26 mmol) of 1,4-bis (bromomethyl)-2-iodobenzene [1] and 66.51 mg (0.26 mmol) of 1,3-bis(tert-butoxycarbonyl) guanidine (N,N'-di-Boc-guanidine) [2] were dissolved with dry DMF (total 2.57 mL). Next, dissolved 1,3-bis(tert-butoxycarbonyl) guanidine was added in the solution in one portion, and the reaction mixture was continuously stirred at 0 °C for 5 min. Then, dissolved 1,4-bis(bromomethyl)-2-iodobenzene was added to the mixture and stirred for an additional 10 min. Ethyl acetate was used to quench the reaction. The mixture was partitioned between ethyl acetate and water, and the water layer was extracted twice with ethyl acetate and brine. Water was discarded from the ethyl acetate layer using sodium sulfate. Then the ethyl acetate layer was filtered, evaporated, and dried under reduced pressure. After drying 127 I-MoM-Boc [3] under reduced pressure, the crude was 127 mg of a light-yellow oil (87.13%). 

Synthesis of 127 I-Modified Metaiodobenzylguanidine-Boc-PEGylated Gold Nanoparticles

To conjugate 127 I-MoM-Boc with carboxylated PEG-GNPs, first the concentration of -COOH present on the surface of PEG-GNPs was titrated with NaOH (1 mM) using a pH meter (Mettler Toledo, USA). Next, 0.4 mg of 127 I-MoM-Boc (0.7 μmol) and 0.2 mg of potassium carbonate (1.4 μmol) were dissolved in DMF (total 1.75 mL). Dissolved 127 I-MoM-Boc was added to 1 mL of carboxylated PEG-GNPs (0.35 μmol) and stirred until the solution was homogenous. Dissolved potassium carbonate was then added in the solution and stirred overnight. Next, DI water was added to quench the reaction. The solution was centrifuged at 12 000 rpm for 30 min twice to remove DMF and then resuspended with DI water. The supernatant was collected to further determine binding efficiency (%) of 127 I-MoM-Boc-PEG-GNPs using UV-vis spectrophotometry at 260 nm. The morphology and particle size distribution were determined by transmission electron microscopy (TEM, JEM-2100, JEOL, Japan) while zeta potential and λmax were determined using Zetasizer (Ultra Pro, Malvern, UK) and UV-vis spectrophotometry (Shimadzu, Japan), respectively.

Deprotection of Boc Group

127 I-MoM-PEG-GNPs were obtained as follows. Trifluoroacetic acid (TFA) (0.138 µmol) was diluted in dichloromethane (DCM) and added to 1 mL of 127 I-MoM-Boc-PEG-GNPs (0.069 µmol). After stirring for 60 min, the reaction was quenched by DCM and DI water. The product, which was in the DI water layer, was separated and centrifuged at 12 000 rpm for 30 min. The pellet was resuspended in DI water and stored at 4 °C. Particle morphology and size distribution of the 127 I-MoM-PEG-GNPs were determined by TEM, while zeta potential and λmax were determined by Zetasizer and UV-vis spectrophotometry, respectively.

To leave only 127 I-MoM which was covalently bound to -COOH of PEG located on GNPs, the physically attached 127 I-MoM was removed from the solution. First, 127 I-MoM-PEG-GNPs solution was centrifuged at 12 000 rpm for 30 min and the supernatant discarded. The pellet of product was resuspended by phosphate buffer (PB) in pH 7.0. Then, the solution was shaken at 300 rpm for 120 min. After that, the solution was centrifuged and the supernatant was kept and dried at 80 °C overnight to remove physically attached 127 I-MoM. The product was resuspended in DI water with adjustment of OD to 1, which represented 1.64×10 12 nanoparticles (NPs)/mL (according to manufacturer's recommendation) for further experiments. Particle morphology and size distribution of the product after removing physically attached 127 I-MoM were determined by TEM while zeta potential and λmax were determined by Zetasizer and UV-vis spectrophotometry, respectively. Energy-dispersive Xray spectroscopy (EDX) of 127 I-MoM-PEG-GNPs was also performed to analyse the element of the product.

Stability Test of 127 I-Modified Metaiodobenzylguanidine PEGylated Gold Nanoparticles

To investigate the stability of the particles in DI water, 127 I-MoM-PEG-GNPs was stored 4 weeks at 4°C after synthesis. UVvis spectrophotometry and TEM were utilized to determine the size and dispersion of the particles.

Cytotoxicity of 127 I-Modified Metaiodobenzylguanidine PEGylated Gold Nanoparticles

To investigate the cytotoxicity of 127 I-MoM-PEG-GNPs, the normal fibroblast cell line, L929, was employed according to ISO 10993-5 with modifications. First, L929 cells were suspended in 10% FBS supplemented DMEM were added to 96-well plates (2.5×10 3 cells/well) and incubated overnight at 37℃ in a humidified incubator with 5% CO2. Then the seeded cells were treated with 127 I-MoM-PEG-GNPs at various concentrations (0, 10 8 , 10 9 , 10 10 , 10 11 , 10 12 , 2.5×10 12 , 5×10 12 , and 10 13 NPs/mL). After 24, 48, and 72 h, MTS solution (Promega, USA) was added to each well (20 µL/well) and cells were incubated for 2 h at 37 °C in the dark. The solution was then measured for absorbance at 490 nm using a microplate reader (Biotek, USA).

Inhibition Assay

To investigate cellular uptake and specificity of 127 I-MoM-PEG-GNPs for neuroblastoma cells, the uptake of 2×10 11 NPs/mL of 127 I-MoM-PEG-GNPs was quantitated in the presence of 100 nM desipramine, a NET inhibitor. SH-SY5Y cells were seeded to 6well plates (5×10 5 cells/well) and incubated overnight at 37 °C in a humidified incubator with 5% CO2. Cells were treated with 100 nM desipramine 24 h prior to addition of 127 I-MoM-PEG-GNPs, while untreated cells were used as controls. After an additional 24 h-incubation, cells were washed with 1X PBS, harvested, counted, and then trypsinized. After centrifuged at 1 800 rpm for 5 min at room temperature, the pellet was digested using aqua regia for 10 min. The sample was then diluted to 2% aqua regia with DI water. The concentrations of internalized gold cocultured with the NET inhibitor were determined by ICP-MS and reported as the concentration of gold (fg) per cell.

Results and Discussion

Preparation and Characterization of Modified Metaiodobenzyl-guanidine PEGylated Gold Nanoparticles

The concentration of -COOH of PEG GNPs was 350 µM after titration with 1 mM NaOH (35 µL, pH 8.3). The synthesis of 127 I-MoM-Boc-PEG-GNPs was then performed by conjugating 127 I-MoM-Boc to carboxylated PEG-GNPs. Binding efficiency (%) was measured indirectly using UV-vis spectrophotometry at 260 nm, by assessment of supernatant collected after centrifugation to determine the residue 127 I-MoM-Boc. The result showed that 49.28% of 127 I-MoM-Boc was bound to carboxylated PEG-GNPs.

The sizes of carboxylated PEG-GNPs and 127 I-MoM-Boc-PEG-GNPs, as characterized by TEM, were 14.0 and 14.1 nm with polydispersity index (PDI) 1.005 and 1.005 (Fig. 1a-d), respectively, suggesting monodispersion.

The product was characterized further by UV-vis spectrophotometry. The graph (Fig. 2) shows that after coupling 127 I-MoM-Boc with carboxylated PEG-GNPs, the maximum wavelength was shifted from 521 nm to 523 nm. The zeta potential of the particles after conjugation was changed from -27.40 mV to -22.38 mV in DI water. A red shift of GNPs is due to change in the local refractive index (RI). 46 Oliveira and Zhang, et al. demonstrated that the absorption peak is red-shifted as the concentration of organic molecules anchored to the GNPs increases. 47,48 However, the zeta potential of the particles was less negative due to the absence of carboxyl groups representing the completion of chemical coating. 49,50 After deprotection, 127 I-MoM-PEG-GNPs were washed and resuspended in DI water. The products were then characterized by TEM. Results presented in Fig. 1e,f showed that the size of the nanoparticles was 13.9 nm with PDI 1.006, suggesting monodispersion. In addition, the product was characterized by UV-vis spectrophotometry. Fig. 2 showed that after deprotection of the Boc group, there was no shift of the maximum wavelength (523 nm), which indicated that there was no aggregation of the particles. In addition, the zeta potential of the particles after deprotection became more positive (from -22.38 mV to -19.87 mV) in DI water due to the presence of free guanidine groups. 45 Moreover, the element of 127 I-MoM-PEG-GNPs was analysed using EDX analysis. The result indicated that %mass of iodine was 33.71 (Fig. 4S) suggesting the conjugation of 127 I-MoM to carboxylated PEG-GNPs after deprotection. 

Stability Test of 127 I-Modified Metaiodobenzylguanidine PEGylated Gold Nanoparticles

After 4-week storage at 4°C, the stability test of 127 I-MoM-PEG-GNPs was investigated using UV-vis spectrophotometry and TEM. UV-vis spectrophotometry demonstrated a single peak with the maximum wavelength at 523 nm after 4-week storage, which was equal to that of freshly prepared 127 I-MoM-PEG-GNPs (Fig. 3a), suggesting no size changing and no particle aggregation. TEM image revealed the size and morphology of the particles which was 13.9 nm with PDI 1.006 in spherical shape (Fig. 3b,c), thus no size and morphology changing after 4-week storage. The results indicated that 127 I-MoM-PEG-GNPs are stable for extended periods after the synthesis. Several studies mentioned that functionalizing GNPs with PEG increases stability, both in vivo and in vitro. 51,52 Zhang et al. demonstrated that GNPs coated with high molecular weight, 5000 Da, were more stable than GNPs coated with low molecular weight PEG, 2000 Da. They mentioned that GNPs coated with PEG5000 exhibited the highest colloidal stability and did not aggregate in phosphate buffer saline (PBS) containing 10% fetal bovine serum (FBS). 52 Therefore, carboxylated PEG5000 GNPs was utilized in this study to increase the stability of the particles. Not only providing high stability, PEG increases circulation time and reducing protein adsorption resulting in making the particles more available for uptake by target organs and owning higher chance to benefit from the EPR effect promoted by the tumor leaky vasculature. 

Cytotoxicity of 127 I-Modified Metaiodobenzylguanidine PEGylated Gold Nanoparticles to Normal Fibroblast Cells

MTS assay was performed to investigate the cytotoxicity of carboxylated PEG-GNPs and 127 I-MoM-PEG-GNPs to the normal fibroblast cell line, L929, in various concentrations [0, 10 8 , 10 9 , 10 10 , 10 11 , 10 12 , 2.5×10 12 , 5×10 12 , and 10 13 NPs/mL] at 24, 48, and 72 h. The results showed that % cell survival was higher than 80% at every concentration and time point studied for both carboxylated PEG-GNPs and 127 I-MoM-PEG-GNPs, suggesting that pre-and post-modification of carboxylated PEG-GNPs were not harmful to the normal cells (Fig. 4,5). To use as a model for radioenhancement, the size, charge, concentration, and surface modification of GNPs each play an important role. Review of the literature showed that 5-20 nm GNPs can be effectively utilized as sensitizers of radiation therapy [30][31][32]54 . In addition, the particles could have ability to cross the blood-brain barrier (BBB) to the central nervous system (CNS) which is a potential sanctuary site for neuroblastoma as the previous studies have shown that the rate of CNS recurrence is >10%. 7,55 Physiologically, end-feet of astrocytes locate on the surface area of the capillary basement membrane. The gap between astrocytic end-feet and the capillary endothelium is approximately 20 nm. Therefore, the penetration of the NPs through BBB is critical size-dependent with the upper penetration limit being approximately 20 nm. [56][57][58] Besides, surface charge can directly affect the toxicity and the fate of the particles once entering in human body. Neutral or negatively charged NPs could decrease the plasma protein adsorption and lower nonspecific cellular uptake resulting in a longer blood circulation half-life than positively charged NPs. 59 The positively charged NPs are also reported to cause the BBB destruction while neutral NPs, on the other hand, negatively charged NPs were found to have no effect on BBB integrity. 60- 62 Therefore, negatively charged 15-nm GNPs were employed in this study due to the advantages mentioned earlier. In the matter of concentration, our results suggested that the IC50 of 127 I-MoM-PEG-GNPs could be higher than 10 13 NPs/mL. Our maximum concentration (10 13 NPs/mL) was greater than published upper limits (10 12 NPs/mL) 56,[START_REF] Carnovale | Metal Nanoparticles in Pharma[END_REF][START_REF] Caballero-Díaz | Comprehensive Analytical Chemistry[END_REF][START_REF] Carnovale | [END_REF] indicating that 127 I-MoM-PEG-GNPs could have a low toxicity to the normal cells. In terms of surface modification, PEG, a hydrophilic coiled polymer, was employed to this study due to several advantages to improve the physical and chemical properties of NPs, including biocompatibility, processability, and biodegradability. Liu, et al. noted that PEG at low concentrations (≤ 5 mg/mL) was not toxic to the normal cells and could be neglected. 66 Likewise, in this study, PEG may have helped the model to become more biocompatible with the normal L929 cells, even at high concentrations.

Inhibition Assay

After performing cytotoxicity testing in normal fibroblast cell, L929, concentration of 127 I-MoM-PEG-GNPs at 2×10 11 NPs/ mL was selected to observe the inhibition assay in neuroblastoma cell, SH-SY5Y. The cellular uptake of 127 I-MoM-PEG-GNPs by SH-SY5Y cells in the presence of NET inhibitor (100 nM desipramine) was determined using ICP-MS. Here, as shown in Fig. 6, the cellular uptake of 127 I-MoM-PEG-GNPs was 1.45 fg/cell, while 0.56 fg/cell was detected in the cells incubated with the NET inhibitor for 24 h prior (p < 0.05). Basically, there are two main processes to uptake mIBG, called 'uptake-1' and 'uptake-2'. Uptake-1 is an ATP-dependent and specific process to transport mIBG into the cells, while uptake-2 is an energy-independent, passive, and non-specific diffusion. Previous studies found that the majority of mIBG is internalized to the neuroblastoma cells by uptake-1, which is 50 times more efficient than uptake-2. 20,[START_REF] Bönisch | Neurotransmitter Transporters[END_REF][START_REF] Iversen | [END_REF][69] The position of the guanidinomethyl group of mIBG plays an important role in terms of cellular uptake. The guanidinomethyl group at the 4-position (C-4) maintains the biological properties of mIBG. In contrast, the 5position exhibits only nonspecific binding. [42][43][44][45] Therefore, in this study, the modification was made at C-4 of mIBG to negate the affinity binding to NET. To investigate the transportation of 127 I-MoM-PEG-GNPs into the neuroblastoma cells, desipramine (a tricyclic antidepressant) was utilized as a competitive inhibitor to NET. 20,70 As mentioned earlier, the concentration of gold detected in the cells treated with 100 nM desipramine for 24 h prior was decreased significantly. This suggested that the majority of 127 I-MoM-PEG-GNPs was internalized specifically via uptake-1, while the small amount of gold detected in desipramine-treated cells was likely transported passively into the cells via uptake-2. Therefore, 127 I-MoM-PEG-GNPs could selectively target the NET of neuroblastoma cells. 

Conclusions

In this study, 127 I-MoM-PEG-GNPs were novelly synthesized to utilize as a model of 131 I-mIBG treatment in term of radioenhancement in neuroblastoma patients. We found that 49.28% of 127 I-MoM-Boc bound to carboxylated PEG-GNPs. The conjugation of 127 I-MoM-Boc onto the surface of the particles caused a slight red shift of the absorption peak using UV-vis spectrophotometry. The zeta potential of the 127 I-MoM-Boc PEG-GNPs was less negative due to the absence of carboxyl groups, while after deprotection the zeta potential became more positive due to the presence of free guanidine groups. EDX analysis demonstrated %mass of iodine after the conjugation which help confirm the conjugation of 127 I-MoM to carboxylated PEG-GNPs. Moreover, 127 I-MoM-PEG-GNPs were proved to be stable after 4-week storage due to PEG modification. Cytotoxicity testing suggested that the model did no harm to the normal fibroblast cells, even at the highest concentration tested. Cellular uptake of 127 I-MoM-PEG-GNPs into the neuroblastoma cell line, SH-SY5Y, was evaluated in the presence and absence of a NET inhibitor. With NET inhibitor, the uptake of the model was decreased suggesting that the model was internalized using uptake-1, via specific binding to NET. Hence, 127 I-MoM-PEG-GNPs selectively targets the NET expressed in 90% of neuroblastoma cells. According to the properties mentioned above, 127 I-MoM-PEG-GNPs could be used as a model for the application of targeted nanomaterial for neuroblastoma treatment. However, the radioenhancement effect of the product after 131 I substitution is required for further study. In addition, in vivo experiments are also needed to investigate the biodistribution and excretion of the product.

Scheme 1

 1 Scheme 1 Synthesis of 127 I-MoM-PEG-GNPs.

Fig. 1

 1 Fig. 1 TEM micrograph and histogram of GNPs. (a,b) carboxylated PEG-GNPs; (c,d) 127 I-MoM-Boc-PEG-GNPs; (e,f) 127 I-MoM-PEG-GNPs in DI water.

Fig. 2

 2 Fig. 2 UV spectra of: Carboxylated PEG-GNPs red line with maximum peak at 521 nm; 127 I-MoM-Boc-PEG-GNPs blue line with maximum peak at 523 nm; 127 I-MoM-PEG-GNPs green line with maximum peak at 523 nm.
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  Fig.3 UV spectra (a) and TEM micrograph and histogram of 127 I-MoM-PEG-GNPs (b, c) after 4-week storage at 4°C.

Fig. 4

 4 Fig. 4 Cytotoxicity, as determined by MTS assay, of carboxylated PEG-GNPs in various concentrations (0, 10 8 , 10 9 , 10 10 , 10 11 , 10 12 , 2.5×10 12 , 5×10 12 , and 10 13 NPs/mL) after incubation with L929 at 24, 48, and 72 h.

Fig. 5

 5 Fig. 5 Cytotoxicity, as determined by MTS assay, of 127 I-MoM-PEG-GNPs in various concentrations (0, 10 8 , 10 9 , 10 10 , 10 11 , 10 12 , 2.5×10 12 ,

Fig. 6

 6 Fig. 6 Cellular uptake of 127 I-MoM-PEG-GNPs into SH-SY5Y cells in the presence of 100 nM desipramine compared to no desipramine. Error bars represent standard deviation. *p < 0.05.
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I-MoM-Boc was primarily synthesized. First, 22.57 mg of NaH (60% dispersion in paraffin oil; 13.54 mg, 0.56 mmol in final) was washed with hexane 3 times and dried. Then dry dimethylformamide (DMF) was added, and the solution was stirred on
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